Abstract. The AXL and MET receptors regulate key processes in tumor growth, metastasis, and drug resistance; thus, they have recently been implicated as promising therapeutic targets in various tumors. We investigated the metastatic potential and crosstalk between these receptors in non-small cell lung cancer (NSCLC). We found that the treatment of NSCLC cells with hepatocyte growth factor (HGF) and growth arrest-specific 6 (Gas6), as ligands for MET and AXL, respectively, promoted their migration and invasion ability. However, treatment with inhibitors of each of these receptors significantly reduced the migratory and invasiveness of the cells, although their inhibitory rates varied according to the inhibition of each receptor. In addition, the suppression of each receptor by shRNA resulted in reduced migration and invasiveness. Notably, the suppression of AXL was more effective than the suppression of MET in the inhibition of migration and invasion. In accordance with in vitro results, when the cells were transferred via tail vein injection, AXL inhibition was more efficient in attenuating metastasis than MET inhibition. Clinically, AXL or MET expression is associated with a poor prognosis in primary tumors of NSCLC. In summary, AXL and MET can regulate tumor metastasis, but AXL was shown to be more potent than MET in lung metastasis. Thus, we conclude that AXL might be a suitable therapeutic target for the inhibition of lung metastasis.
Introduction
The receptor tyrosine kinases (RTKs) are part of the larger family of protein tyrosine kinases that relay signals from extracellular growth factors into the cells (1, 2) . They regulate many essential cellular processes in mammalian development and adult tissue homeostasis. However, although RTKs are critical in maintaining normal physiology, dysregulation of certain RTKs has been implicated during the development and progression of several types of cancer (3) .
AXL is a member of the Tyro2-Axl-Mer (TAM) RTK subfamily (4, 5) , and is activated by the vitamin K-dependent protein product of the growth arrest-specific gene 6 (Gas6) (6, 7) . The biological function of AXL/Gas6 signaling is associated with cell growth and survival in normal and cancer cells (8) . AXL overexpression and signaling, in particular, has been implicated in progression of cancers such as glioma, melanoma, and colon, breast, gastric, and lung cancer (9) (10) (11) (12) (13) (14) . Some reports have demonstrated that AXL overexpression is correlated with poor prognosis in several cancers (15) (16) (17) . It has also been suggested that AXL regulates metastasis in various cancer types (18) (19) (20) . Our previous studies, along with recent findings, have reported that AXL mediates cancer cell resistance to multiple targeted agents such as ALK (21) , EGFR (22, 23) , or BRAF inhibitors (24) . Thus, AXL has now been recognized as a potential therapeutic target in various tumors.
The MET proto-oncogene encodes for the RTK c-MET, which is also known as hepatocyte growth factor receptor. Various cells widely express MET, where it is essential for embryonic development (15, 25) and tissue repair (26, 27) . MET is activated by a single ligand, termed either hepatocyte growth factor (HGF) or scatter factor. In cancer cells, aberrant signaling of MET may occur via various mechanisms such as gene amplification, overexpression, mutations, increased autocrine or paracrine ligand-mediated stimulation, and interaction with another cell-surface receptor. In addition, a number of studies have demonstrated that MET is overexpressed in several types of cancers, including lung, breast, ovary, kidney, colon, thyroid, and liver cancer. Aberrant activation of MET under any pathological condition can confer proliferative, survival, and metastatic abilities on cancer cells (28) (29) (30) (31) (32) (33) (34) . Thus, along with AXL, MET is also a potential biomarker and therapeutic target in cancer therapy.
Our previous studies have shown that AXL and MET are associated with acquired resistance to EGFR tyrosine kinase inhibitors (TKIs) (23, 32) . In fact, many studies have demonstrated that each of these two receptors is associated with chemoresistance, metastasis, cell proliferation and survival, and poor survival in patients with non-small cell lung cancer (NSCLC) (14, (33) (34) (35) (36) . Salian-Mehta et al first demonstrated that crosstalk between AXL and MET promotes neuronal cell migration and survival through gonadotropin releasing hormone (37) . However, the possibility of crosstalk between AXL and MET in cancer cells, and the role of their interaction in cancer progression, is still unknown. The aim of this study was to evaluate the potential role of AXL and MET in lung metastasis, and investigate their association with patient outcomes.
Materials and methods
Cell culture and reagents. The human NSCLC cell lines A549, H2009, and Calu-1 were obtained from the American Type Culture Collection (Rockville, MD, uSA). The cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 u/ml penicillin, and 100 µg/ml streptomycin (Life Technologies, Carlsbad, CA, USA) at 37˚C in humidified air containing 5% CO 2 . HGF and Gas6 were purchased from Sigma-Aldrich (St. Louis, MO, USA). PHA665752 and XL880 were purchased from Selleck Chemicals (Houston, TX, uSA).
MTT assay. Cells were seeded in 96-well sterile plastic plates overnight and then treated with drugs. After 72 h, 15 µl of MTT solution (5 mg/ml) was added to each well and the plates were incubated for 4 h. Crystalline formazan was solubilized with 100 µl of a 10% (w/v) SDS solution for 24 h, and then absorbance at 595 nm was read spectrophotometrically using a microplate reader. The results are representative of at least three, independent experiments, and the error bars signify standard deviations (SDs).
Western blot analysis. The cells were lysed in EBC buffer containing 50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.3 mM phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovanadate, 0.5% NP-40, and 5 U/ml aprotinin. To evaluate the interaction of AXL and MET, lysates were immunoprecipitaed with an anti-AXL or MET antibody. Antibodies specific for p-EGFR (Tyr1173), EGFR, MET, and β-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, uSA), and antibodies specific for p-MET (Tyr1234/1235) and p-AXL (Tyr702) were purchased from Cell Signaling Technology (Beverly, MA, uSA). Proteins were detected by the enhanced chemiluminescence system (Thermo Scientific, Rockford, IL, USA) according to the manufacturer's instructions.
Migration and invasion assays. Migration and invasion assays were performed according to a previously described method (38) . Results are representative of at least three independent experiments, and migrated or invaded cells were counted under a microscope. Results were expressed as means ± standard deviations.
Lentivirus-mediated shRNA infection. The RNAi Consortium clone IDs for the shRNAs used in this study are as follows: TRCN0000194971 (shAXL) and TRCN0000196685 (shMET). For lentiviral infection, the cells were infected with shControl, shAXL, or shMET lentivirus. To validate the migration and invasion ability, the cells were infected with shControl, shAXL, or shMET for 48 h, and then treated with 2 µg/ml puromycin for 72 h. The suppression of each protein was confirmed by western blotting before performing the migration and invasion assay.
In vivo studies. All animal studies were conducted following a protocol approved by the Institutional Animal Care and use Committee of the Dongnam Institute of Radiological and Medical Sciences. BALB/c nude mice (male, 18-20 g, 6-week old) were purchased form SLC Co. (Shizuoka, Japan). All experiments used 5 mice per group. Cells (1x10 6 ) stably expressing control, AXL, or MET shRNA were suspended in 100 µl serum-free RPMI-1640 medium, and injected into the tail vein or the right flank of mice. After 21 days, lung metastasis was determined by examining serial sections of every lung tissue block by microscopy, and tumor of the right flank of mice were extracted and weighed.
Patient and study design. For this retrospective study, a total of 126 patients were recruited from the Asan Medical Center. All patients underwent curative resection for NSCLC between January 2006 and December 2010 and were diagnosed with stage II (the American Joint Committee on Cancer seventh edition). All participants had adequate tumor specimens for immunohistochemial staining and detailed prognosis records. Patients with other primary cancers that could affect survival were excluded. Patients who died of perioperative complications within 3 months of surgery were also excluded. Clinical, pathological, and radiological data were retrospectively reviewed, as well as the follow-up information obtained until December 2013. Tumor recurrences were assessed by computed tomography, magnetic resonance imaging, or bone scans. The primary endpoint was to assess whether the expression of AXL and MET affected survival in terms of disease-free survival (DFS). DFS was defined as the time from resection to locoregional or distant recurrences or death from any cause (whichever was earlier). The institutional review board approved this study protocol.
Immunohistochemical staining of AXL and MET and analysis of AXL and MET expression. Paraffin-embedded tumor samples were collected from the patients and deparaffinized. After rehydration in alcohol, immunohistochemical staining for AXL and MET was performed using the anti-AXL antibody (Santa Cruz Biotechnology) and the anti-MET antibody (Ventana Medical Systems, Tucson, AZ, uSA), respectively. Immunohistochemical analyses were evaluated at the Asan Medical Center. The expression levels of AXL and MET were scored semiquantitatively according to standard protocols. The percentage of positively stained tumor cells was scored as follows: 0 (<5%), 1 (5-25%), 2 (25-50%), or 3 (>50%). The staining intensity was scored as follows: 0 (no staining), 1 (weakly stained), 2 (moderately stained), or 3 (strongly stained). Based on the immunohistochemical staining scores, which were obtained by adding the positive proportion scores to the intensity scores, the tumors were classified into negative tumors (score 0-3) and positive tumors (score 4-6).
Statistical analysis. The Kruskal-Wallis test was performed for statistical analysis (for continuous variables), and the Chi-square test or Fisher's exact test was performed for categorical variables. Survival rates were estimated by the Kaplan-Meier method and compared by the log-rank test. All P-values reported were the result of two-sided tests, and values <0.01 were considered statistically significant. All statistical analyses were performed with SAS software, version 9.4 (SAS Institute, Inc., Cary, NC, uSA).
Results

Activation of AXL and MET receptor promotes migration and invasion of NSCLC cells.
We have previously demonstrated that the expression of AXL and MET is associated with acquired resistance to EGFR-TKIs (23, 32) . In addition, these receptors have been recently referred to as biomarkers that predict poor prognosis of various tumors (15) (16) (17) (28) (29) (30) . Thus, we investigated whether AXL and MET signaling affects the cellular mobility of NSCLC cells. We found that AXL and MET were expressed or activated in three NSCLC cell lines, although the expression and activation of these receptors was more or less cell line-dependent (Fig. 1A) . Treatment of the cells with ligands to each receptor increased the activity of the receptors (Fig. 1B) . In addition, AXL receptors interacted with MET receptors at basal level of endogenous proteins, After serum starvation, cells were treated with 400 ng/ml Gas6 or 50 ng/ml HGF for 10 min. The AXL and MET activation was detected by western blotting. (C) Whole-cell extracts from NSCLC cells were immunoprecipitated with anti-AXL or anti-MET. The immunoprecipitates were subjected to western blot analysis with the indicated antibodies. (D and E) Cells were seeded onto either collagen or Matrigel-coated polycarbonate filters to determine their migratory and invasive potentials, respectively. Cells were incubated in modified Boyden chambers with 400 ng/ml Gas6 or 50 ng/ml HGF for 12 h, and the cells that penetrated the filter were stained and counted using a light microscope. Error bars represent standard deviations. although the interaction of the receptors was weak in A549 cells (Fig. 1C) . Consistent with this observation, ligand treatment significantly enhanced the migration and invasiveness of the cells ( Fig. 1D and E) . However, the combined treatment of the ligands did not show a synergistic effect on the migratory and invasive abilities.
To further investigate the relationship between AXL or MET signaling and cellular mobility, we treated the cells with inhibitors of each receptor. We used the PHA665752 and XL880 as a selective inhibitor of MET and AXL, respectively. Although XL880 did not show selectivity to the AXL receptor, both the inhibitors effectively inhibited the activity of their corresponding receptors (Fig. 2C) . In addition, cellular toxicity was not revealed until inhibitor concentrations were 1 µM or higher ( Fig. 2A and B) . We found that the inhibition of AXL or MET resulted in reduced migration and invasiveness ( Fig. 2D  and E) . Notably, XL880 treatment was more effective in the inhibition of cellular mobility than PHA665752 treatment.
AXL signaling is more potent than MET in inhibition of metastasis.
To further evaluate the role of AXL and MET in metastasis, we used an shRNA against each receptor. Calu-1 cells were infected with AXL or MET-specific shRNA lentiviral particles, which substantially suppressed the amount and activity of each receptor, as determined by western blotting (Fig. 3A) . As a consequence, the suppression of AXL or MET resulted in reduced migratory and invasive capabilities ( Fig. 3B and C) . Notably, the suppression of AXL was more effective in the inhibition of cellular mobility than the suppression of MET (P=0.00034 and P=0.00032 for AXL shRNA versus MET shRNA, in migration assay and invasion assay, respectively).
To determine whether AXL and MET play a key role in the regulation of lung colonization and metastasis, we downregulated the AXL and MET expression in Calu-1 cells using shRNA before implantation in the tail vein injections, and then examined the lung weight and number of tumor nodules, respectively. As shown in Fig. 4 , knockdown of AXL or MET significantly reduced the lung tumor colonization and lung weight. Consistent with in vitro studies, AXL knockdown yielded a significantly higher relative inhibition of metastasis than MET knockdown (P=0.012 and P=0.035 for AXL shRNA versus MET shRNA, in lung weight and number of tumor nodules, respectively). In addition, the suppression of AXL or MET significantly reduced the tumor cell proliferation (Fig. 4D) . Taken together, the results indicate that AXL and MET signaling are associated with cellular mobility and metastasis as well as proliferation in lung cancer, but AXL inhibition might exhibit higher efficacy in blocking metastasis than MET inhibition.
Clinical significance of AXL and MET expression in NSCLC cells.
A total of 126 patients with surgically resected NSCLC were analyzed. The median patient age was 63 years (range, 56-69 years). Of the 126 patients, 26 (20.6%) were female. All the patients had stage II lung cancer. Regarding histological tumor types, 53 patients (42.1%) had adenocarcinoma and 73 (57.9%) had squamous cell carcinoma.
As shown in Fig. 5A , of the 126 patients, 34 (27.0%) had AXL-positive tumors and 9 (5.6%) had MET-positive tumors. The 1-and 2-year DFS rates for AXL-positive patients were 97.1 and 71.3%, respectively; and for MET-positive patients, were 63.5 and 47.6%, respectively. DFS was significantly shorter in the AXL-positive group than in the negative group (2-year DFS rate 71.3 vs 85.8%, P=0.003, Fig. 5B ). In addition, DFS was significantly shorter in the MET-positive group than in the negative group (2-year DFS rate 47.6 vs 85.8%, P<0.001, Fig. 5B ).
Discussion
Although AXL and MET have recently been associated with acquired resistance to anticancer drugs, they are well known for their roles in tumor progression, such as those in development, survival and metastasis (5, (39) (40) (41) . However, crosstalk between AXL and MET in tumor progression remains unclear. In general, the interaction between RTKs and nonRTKs, or self-assembly of homodimers or heterodimers, plays an important role in cellular signaling. This interaction is mediated in a ligand-dependent or -independent manner. between AXL and MET is needed to evaluate their roles in tumor progression.
Many reports have suggested that both AXL and MET contribute to metastasis in many types of cancer (3, 5, 10, 20, 36, (39) (40) (41) . We showed that Gas6 or HGF treatment enhanced the migration and invasiveness of the cells, whereas the inhibitors of each receptor decreased these properties. We used the PHA66572 and XL880 to inhibit the activity of MET and AXL, respectively. However, XL880 treatment was more potent than PHA665752 treatment in the inhibition of the migratory and invasive abilities. The difference in inhibitory rates may result from that fact that XL880 is a multi-kinase inhibitor, and inhibits AXL as well as MET. In addition, AXL knockdown was found to be more effective than MET knockdown in the inhibition of cellular mobility in vitro and lung metastasis in vivo. This might have resulted from crosstalk between AXL and MET, wherein AXL knockdown leads to inhibition of MET activity.
The essential steps required for tumor metastasis include penetration of tumor cells into the blood or lymphatic vessels, circulation through the intravascular stream, and proliferation at another site (43) . AXL and MET signaling promote cellular proliferation in normal as well as tumor cells. Thus, they can play an important role when tumor cells proliferate at another site. Our results showed that the suppression of AXL and MET reduced tumor cell proliferation. Consistent with the results of metastasis, tumor cell proliferation was remarkably decreased upon suppression of AXL as compared with that upon suppression of MET. These results suggested that AXL is more effective than MET in regulating the inhibition of lung metastasis.
Consistent with our results, previous data have shown that high AXL or MET expression is an adverse prognostic factor (44) (45) (46) (47) (48) . In our data, DFS was remarkably shorter in MET-positive patients than in AXL-positive patients during the early periods, but there was no significant difference between the two groups after 4 years. Owing to the small number of double-positive patients, the DFS of both AXLand MET-positive patients could not be evaluated. Thus, more clinical samples are needed to investigate crosstalk between AXL and MET.
In conclusion, AXL and MET are associated with cell proliferation and metastasis in lung cancer, and the crosstalk between these receptors affects tumor progression.
